Introduction
Monitoring of residual disease (RD) has the potential to improve treatment outcome in acute myeloid leukemia (AML) by allowing therapy to be altered based on leukemia cell burden. Strategies developed for RD monitoring include the use of multiparameter flow cytometry (MFC). In MFC, cells are stained simultaneously with multiple antibodies labeled with different fluorochromes, allowing resolution of cells into discrete populations defined by patterns of antigen coexpression. 1 By MFC, AML cells exhibit abnormal patterns of antigen coexpression, which allow them to be resolved from normal cells. 2, 3 MFC has the potential to provide for widely applicable, rapid, cost-effective, sensitive, and specific evaluation of RD in post-treatment specimens. 3, 4 The use of MFC to monitor RD in AML assumes that leukemia cells identified by their immunophenotype at diagnosis can be detected during and after therapy. The stability or instability of the immunophenotype of AML cells should be reflected by changes in the immunophenotype at relapse, in relation to that present at diagnosis, in patients who relapse.
Because MFC resolves AML cells from normal cells based on patterns of antigen coexpression, it is ideal for immunophenotyping AML cells in relapse samples, where they commonly coexist with large numbers of normal cells. The immunophenotype is known to remain constant over time in most cases of acute lymphocytic leukemia (ALL), 5 but little has been reported about immunophenotype changes in AML at relapse. Specifically, there are no large series comparing relapse and pretreatment immunophenotypes in AML studied by MFC.
Cells from 136 adult de novo AML patients enrolled in the Cancer and Leukemia Group B (CALGB) protocol 8361, "Immunophenotyping Studies in AML," were immunophenotyped by MFC at diagnosis and at first relapse. Each case was evaluated for changes in the immunophenotype of AML cells reflecting either losses or gains of discrete populations of leukemia cells ("population changes"), losses or gains of antigens expressed on populations of leukemia cells that were present at both time points ("antigen changes"), or both.
Patients, materials, and methods

Patients
All newly diagnosed adult patients with de novo AML who were enrolled in CALGB 8361, "Immunophenotyping Studies in Acute Myeloid Leukemia," between March 1991, when CALGB immunophenotyping began to be performed by MFC, and October 1996, and who had both pretreatment samples and samples from first relapse submitted for immunophenotyping were included in the analysis. Patients received remission induction and postremission therapy on 5 different CALGB treatment protocols, CALGB 8923, 9022, 9191, 9222, and 9420. [6] [7] [8] [9] [10] 
Morphologic studies
The diagnosis of AML and the assignment of French-American-British group (FAB) subtypes were based on standard morphologic and cytochemical criteria. 11, 12 All cases were centrally reviewed. Criteria for remission and for relapse were according to the National Cancer Institute-sponsored workshop on definitions of diagnosis and response in AML. 13 
Cytogenetic analysis
Cytogenetic analysis was performed as part of a prospective karyotyping study, CALGB 8461, "Cytogenetic Studies in Acute Leukemia." Bone marrow samples were processed for cytogenetic analysis by standard techniques, using direct and short-term (24-48 hours) unstimulated cultures. Chromosomes were G-or Q-banded. Karyotypes were designated according to the ISCN nomenclature. 14 Two karyotypes from each clone were centrally reviewed.
Karyotypes at relapse were compared to those at diagnosis in cases successfully karyotyped at both time points. Changes were categorized according to the following definitions: same, karyotype was the same before treatment and at relapse; normal to abnormal, pretreatment karyotype was normal and relapse karyotype was abnormal; abnormal to normal, pretreatment karyotype was abnormal and relapse karyotype was normal; clonal evolution, karyotype was more complex at relapse than at diagnosis; clonal regression, karyotype was less complex at relapse than at diagnosis; clonal evolution and regression, some pretreatment abnormalities disappeared at relapse and new abnormalities appeared; new clone, the abnormal karyotype at relapse exhibited totally different features from that at diagnosis.
MFC
Multiparameter flow cytometry was performed in the Laboratory of Flow Cytometry at Roswell Park Cancer Institute, as previously described. 15, 16 Samples were sent to the laboratory by overnight mail at ambient temperature in tubes containing sodium heparin. Marrow or blood (2 mL) was filtered through a 75-m mesh. Cells were pelleted, washed twice with 15 mL phosphate-buffered saline (PBS) with 10 U/mL heparin in the first wash, resuspended in 1 mL PBS, and then incubated with 70 L of a 3 mg/mL solution of mouse immunoglobulin (IgG fraction) on ice for 10 minutes. Cell suspension (50 L) was added to tubes containing panels of fluoresceinated, phycoerythrinated and biotinylated or phycoerythrin-CY5-conjugated monoclonal antibodies to CD45, CD14, and HLADr; CD3, CD4, and CD8; CD15, CD34, and CD56; CD33, CD13, and HLADr; CD16, CD32, and CD64; CD7, CD13, and CD2; CD11b, CD13, and CD33; CD38, CD34, and HLADr; and CD33, CD13, and CD19 (Becton Dickinson, San Jose, CA; Caltag, South San Francisco, CA; and Coulter, Hialeah, FL), as well as to tubes containing either isotype controls or no antibodies. Cells were incubated on ice for 15 minutes, then washed in 3.5 mL of an ammonium chloride solution to remove excess antibody and to lyse red blood cells. When biotinylated antibodies were used, tubes were centrifuged at 1500g for 3 minutes, decanted, blotted, and incubated with 10 L phycoerythrin-Texas red avidin (Southern Biotech, Birmingham, AL) or Red 670 (BRL-Gibco, Rockville, MD) on ice for 15 minutes. All samples were washed with 3.5 mL PBS and fixed overnight in 0.5 mL 2% ultrapure formaldehyde (Polysciences, Warrington, PA).
Cell viability was determined by ethidium monoazide fluorescence, as previously described. 17 All specimens exhibited more than 98% viable cells after processing and were thus adequate for analysis according to the National Committee for Clinical Laboratory Standards guidelines. 18 Forward and side scatter and 3 colors of fluorescence were measured for each sample on a FACScan flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA); 20 000 events were analyzed in each sample. Data were analyzed using WinList multiparameter analysis software (Verity Software House, Topsham, ME). To identify populations of leukemia cells in each case of AML, the 3-antibody panel was chosen that best resolved leukemia cells as dense clusters with a minimum of normal cell contamination. Regions were drawn around the abnormal cell populations and the data were reanalyzed (backgated) to produce bivariate displays in the forward-versus side-scatter plot. New regions were drawn around the cells in this display ("leukemia gate"), and these scatter regions were then used to analyze all other panels. Cases were called positive for an antigen if it was expressed on 10% or more of cells in the leukemia gate and if expression on the surface of leukemia cells was confirmed by visual analysis of bivariate histograms, regardless of the intensity of antigen expression (dim, bright, or intermediate).
Antigen expression on AML cells is frequently heterogeneous, and patterns of antigen expression define one or more distinct clusters of cells in each case of AML. We use the term "population" to refer to a discrete cluster of cells defined by the expression of a unique set of antigens that are resolved within the most informative bivariate views. Multiple discrete clusters of cells, even if connected by an apparent low density of cells between them, represent multiple populations. In this way, the loss or gain of an entire population can be determined by comparing the patterns produced between the pretreatment and relapse specimens. For example, in Figure 1A , at diagnosis a single population was present that expressed CD15 and CD11b homogeneously and CD13 heterogeneously, and did not express CD34. At relapse, there is complete absence of CD15 and CD11b expression; there is homogeneous expression of CD13 and heterogeneous expression of CD34. The populations present at diagnosis and at relapse are different; there is complete loss of the original population and appearance of a different population. The population present at relapse exhibits a pattern of antigen expression that differs completely from that of the population present at diagnosis.
The antigens present on each population of leukemia cells were identified by inspection of all 3 bivariate views of all of the 3-antibody combinations. Because the position of a given population can be followed by the expression of antigens on it that are unchanged, those antigens that are lost or gained by a specific population can be identified. Clearly, if all of the antigens associated with a population are lost, then the population is lost. Similarly, a new population can be demonstrated to have arisen at relapse if antigens are acquired that together define a population distinct from the populations that were present at diagnosis. The number of antigens defining a population is variable.
All cases were analyzed for gains and losses of leukemia cell populations at relapse and were classified as having a "population change" if at least one population was gained or lost between the 2 time points. Cases in which at least one common population was present at diagnosis and at relapse were also analyzed for losses and gains of antigen expression on the population(s) common to both time points, and were classified as having an "antigen change" if at least one antigen was lost or gained. Antigen loss or gain was defined by conversion from antigen positivity to antigen negativity, or vice versa, as defined above, and by clear evidence of loss or gain by visual comparison of bivariate histograms. Cases in which there was no common population at diagnosis and at relapse were classified as having a population change and as being unevaluable for antigen change.
Statistical analysis
Frequencies of antigen expression at diagnosis and at relapse were compared using the McNemar test for dependent proportions. 19 The association between risk factors and immunophenotype change groups was analyzed using exact tests for contingency tables. 19 Disease-free survival (DFS) was measured from the time of attainment of complete response (CR) to the time of relapse. The distribution of DFS times was calculated by the Kaplan-Meier method, 20 and differences between subgroups were tested with the log-rank statistic. 21 
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Results
A total of 153 adult patients with de novo AML enrolled in CALGB 8361 between March 1991 and October 1996 had bone marrow specimens submitted for immunophenotyping by MFC both at diagnosis and at first relapse. Pretreatment or relapse specimens from 15 patients were unable to be evaluated; reasons included delayed receipt (6 patients), staining with the wrong antibody panels (2 patients), and failure to identify leukemia cells by MFC (7 patients). Two additional patients were excluded from the analysis because their diagnoses were changed from AML to myelodysplastic syndrome following central review of pretreatment bone marrow morphology. The remaining 136 eligible and evaluable patients were included in the analysis.
Clinical characteristics of the 136 AML patients successfully immunophenotyped at diagnosis and at first relapse are shown in Table 1 . Median age was 47 years. Median percentage of bone marrow blasts was 74%. The most common FAB types were M2, M4, M1, M3, and M5. DFS ranged from 1 month to 4.7 years; median DFS was 8.6 months in this series that included only patients who relapsed.
Immunophenotypes changed at relapse in 124 of 136 patients (91%) ( Table 2 ). Immunophenotype changes were of 2 kinds: gain or loss of discrete populations of leukemia cells resolved by MFC ("population changes"), and gain or loss of antigens on populations of leukemia cells present both at diagnosis and at relapse ("antigen changes"). Of the 124 cases of AML with immunophenotype changes at relapse, 16 had population changes alone, 82 had antigen changes alone, and 26 had population changes as well as antigen changes on populations present both at diagnosis and at relapse. Leukemia cell immunophenotypes were identical at diagnosis and at relapse in only 12 of the 136 patients studied at both time points (9%). Of note, all antigens were not studied in all cases (Table 3 ), and it is therefore possible that the frequency of Both antigen and population changes 26 19 No change 12 9
*N ϭ 136. †In 4 cases, the original population was lost and a different population was gained.
immunophenotype changes at relapse was slightly underestimated. There were also changes in both size (forward scatter) and granularity (side scatter) of AML cells at relapse; both increases and decreases occurred in both parameters. Population changes occurred in a total of 42 patients (31%). Ninety-seven patients (71%) had a single population of leukemia cells at diagnosis; 12 of these 97 had population changes at relapse, including 8 who gained a second population, and 4 who relapsed with a single population that was different from the one that had been present at diagnosis ( Figure 1A) . Thirty-nine patients (28%) had 2 discrete populations of leukemia cells at diagnosis; 30 of them relapsed with only 1 of the 2 populations.
Antigen changes occurred in 108 of the 132 cases with at least one preserved population (82%). Percentages of cases expressing each antigen pretreatment and at relapse are shown in Table 3 . At relapse, a higher percentage of cases expressed CD2 (22% versus 11%, P ϭ .001), CD34 (74% versus 64%, P ϭ .003), and CD7 (30% versus 22%, P ϭ .02), and a lower percentage expressed CD14 (8% versus 12%, P Ͻ .001). CD33 was expressed in 75% of cases at diagnosis and 78% at relapse (P ϭ .42).
Frequencies of loss and gain of each antigen at relapse are also shown in Table 3 . Changes in antigen expression present in at least 15 cases included gain of CD34 (17 patients), loss of CD64 and gain of CD2 (16 patients each), and gain of CD33 (15 patients). Antigen expression defining unusual phenotypes at diagnosis frequently changed at relapse (Table 3) . CD13, CD33, and CD34, absent at diagnosis in 3, 33, and 47 patients, respectively, were gained at relapse in 2 (67%), 15 (45%), and 17 (36%), and CD56, CD19, and CD14, present at diagnosis in 5, 16, and 20 patients, were lost at relapse in 2 (40%), 6 (38%), and 8 (40%). An example of gain of CD2 and loss of CD56 at relapse is shown in Figure 1B .
Results of cytogenetic analysis of both pretreatment and relapse bone marrow samples were available for 72 patients (Table 4) . Karyotype changes were observed in 40 (56%); this frequency is lower than the frequency of immunophenotype changes. Immunophenotype changes were present without karyotype changes in 29 patients, whereas only 4 patients had karyotype changes without immunophenotype changes. There was no apparent correlation between type of immunophenotype change and type of karyotype change.
The distribution of age and pretreatment cytogenetics among the population and antigen change groups is shown in Table 5 . Patients' ages were similar in the different groups, and there were no differences in distribution of pretreatment karyotypes that might be associated with differences in DFS. Of note, population changes at relapse were more frequent in patients with normal karyotypes than in those with chromosomal abnormalities (favorable and other) (P ϭ .03), suggesting that AML with specific chromosomal abnormalities generally has stable cell populations, whereas cases with normal karyotypes more frequently exhibit populations changes at relapse.
Median DFS for all 136 patients was 8.6 months (95% confidence interval, 7.7-9.1 months). DFS did not differ significantly between patients with and without antigen changes (medians 8.4 versus 8.4 months; P ϭ .39), population changes (medians 8.4 versus 8.9 months; P ϭ .87), or any change in immunophenotype (medians 8.4 versus 8.9 months; P ϭ .89) at relapse.
Four patients relapsed more than 3 years from attaining CR, at 3.4, 3.5, 4.1, and 4.7 years. Two had both population and antigen changes, one had antigen changes, and one lost the original population and gained a new one. Thus immunophenotype changes were present at relapse in all 4 patients and included population changes in 3 of the 4.
We sought to determine whether, despite the very high frequency of immunophenotype changes, leukemia cell gates created in pretreatment samples would identify AML cells at relapse. Leukemia cell gates created in pretreatment samples using each 3-antibody panel allowed identification of relapse AML cells in only 68% to 91% of cases, but use of 8 3-antibody panels, which included antibodies to a total of 16 antigens, allowed identification of relapse AML cells in all cases (Table 6 ). Each case was unique due to specific antigen changes, so that relapse could not be identified in all cases with fewer than 8 antibody panels.
Discussion
The use of MFC to monitor RD during morphologic remission and to predict relapse depends on the presence of leukemia cells with phenotypes different from those of normal cells and on their detection throughout the course of a patient's leukemia. We studied AML cells from 136 patients at diagnosis and at relapse by MFC, using 9 panels of 3 monoclonal antibodies. We demonstrated immunophenotype changes in leukemia cells at relapse, compared (17) 8 (40) 14 (14) 26 (21 For personal use only. on August 31, 2017. by guest www.bloodjournal.org From to diagnosis, in 124 of the 136 patients (91%). Changes included both gains and losses of populations of AML cells, and gains and losses of antigens on populations present at both time points. This very high frequency of immunophenotype changes at relapse has potential implications for detection of RD by MFC in AML, in that loss of sensitivity for detecting residual cells in follow-up specimens will occur if leukemia cells fall outside of the criteria established at diagnosis and are therefore lost to detection. We indeed found that no single antibody panel nor group of antibody panels could be consistently used to identify AML cells at relapse. However, when 8 3-antibody panels including antibodies to 16 antigens were used together, AML cells were identified at relapse in all cases. Thus, because of the high frequency of changes in the immunophenotype of AML cells during the course of the disease, RD detection by MFC is likely to require ongoing monitoring with multiple panels of 3 or 4 antibodies.
The presence of aberrant phenotypes in AML is well documented. Terstappen and coworkers reported aberrant antigen expression at diagnosis in 80 cases of AML, including expression of nonmyeloid antigens, asynchronous expression of myeloid antigens, overexpression of myeloid antigens, and absence of expression of myeloid antigens. 2 Reading and colleagues reported unusual antigen coexpression patterns (combinations present on Յ 0.1% of cells in normal marrow) on 10% or more of blasts in 232 of 272 patients with AML (85%). 3 Asynchronous expression of myeloid antigens occurred in 70%, and coexpression of Tlymphoid, B-lymphoid, or natural killer antigens with myeloid antigens in 38%, 13%, and 21% of cases, respectively. Macedo and associates found at least one aberrant phenotype in 29 of 40 AML patients, including 25 with asynchronous antigen expression, 15 with coexpression of lymphoid antigens, 13 with abnormal forward/ side scatter (size versus granularity) distribution, and 7 with antigen overexpression. 22 Most AML patients with leukemiaassociated phenotypes in that series had more than one abnormality. The frequent presence of more than one subset of AML cells, as reported here, has also been previously described. 22, 23 Little has been reported to date about the stability or instability of AML cell immunophenotypes over time in individual patients. Using single-color indirect immunofluorescence and flow cytometry, Thomas and coworkers demonstrated increased percentages of CD34 ϩ and CD33 ϩ cells and decreased percentages of CD13 ϩ and CD15 ϩ cells in samples from 66 adult AML patients at relapse. 24 These findings were interpreted as being consistent with a loss of myeloid differentiation. In contrast, we found frequent gain of CD34 without changes in CD33, CD13, or CD15 expression, consistent with aberrant differentiation rather than loss of myeloid differentiation. Three small series have looked at immunophenotype changes by MFC in the context of RD detection. Using 2-color flow cytometry with 10 to 12 antibodies, Drach and colleagues 25 found preservation of leukemia-associated phenotypes in 6 of 7 patients with AML at relapse. Similarly, Reading and coworkers 3 found that, despite variation in marker expression, "unusual phenotypes" persisted at relapse in 12 of 13 patients. Macedo and associates 26 studied diagnosis and relapse samples from 16 patients by 3-color flow cytometry; changes in expression of one or more antigens were found in 10. We have previously reported loss of CD56 expression at relapse in 2 of 5 patients with t(8;21)(q22;q22) with CD56 expression at diagnosis, 15 and gain or loss of the lymphoid antigens CD2, CD7, or CD56 in 5 of 7 AML patients with 11q23 translocations. 16 The present report represents the first large series looking at immunophenotype changes in AML by MFC. We found a very high frequency of changes in immunophenotype, including loss of infrequently expressed antigens (CD56, CD19, and CD14) when these had been expressed at diagnosis, and gain of frequently expressed antigens (CD13, CD33, and CD34) when these had not been expressed. The patient population studied here consisted of de novo AML patients with a relatively low median age (47 years) and a relatively high median white blood cell count (18.6 ϫ 10 9 /L); it is not known to what extent the findings can be generalized to other groups such as older patients and patients with secondary AML.
Multiparameter flow cytometry has been used successfully to detect RD in AML, albeit with significant rates of both falsenegative and false-positive results. 3, 4 In a recent extensive review of RD detection by MFC, 27 Campana and Coustan-Smith recognized immunophenotypic shifts as a cause of false-negative results, and suggested that this obstacle may be overcome by the use of multiple antibody combinations. They described the use of 12 different 4-antibody combinations, including antibodies to CD13, CD33, CD34, CD11b, CD65, CD15, CD56, CD38, CD19, CD2, For personal use only. on August 31, 2017. by guest www.bloodjournal.org From CD7, CD117, and HLA-Dr, and stated that approximately 60% of cases of childhood AML can be monitored for RD with a sensitivity of 10 Ϫ3 to 10 Ϫ4 using this approach. Our demonstration of a very high frequency of immunophenotype changes at relapse also lends support to the concept that multiple antibody panels must be used for monitoring RD, in that the use of 8 3-antibody panels was required to identify leukemia cells at relapse in all cases in our study, and the immunophenotype changes that are present at relapse are likely to have occurred during remission. It should be noted that the analysis performed here only addressed the ability to identify leukemia cells at relapse (sensitivity) and did not address whether the criteria used to identify leukemia cells with each antibody panel allowed leukemia cells to be distinguished from normal cells (specificity). Moreover, AML cells will be more difficult to detect in remission, compared to relapse, because they are present in much smaller numbers.
The high frequency of immunophenotype changes in AML at relapse contrasts with findings in ALL. CALGB recently reported 37 adult ALL patients studied by MFC both at diagnosis and at first relapse. 5 Changes in immunophenotype were less frequent and generally consisted of minor shifts in antigen expression. The most common immunophenotype change was loss or gain of a myeloid marker, rather than population changes or altered lymphoid antigen expression.
In addition to the implications for RD detection, our demonstration of a very high frequency of immunophenotype changes in AML at relapse provides compelling evidence for genetic instability in this disease. Cytogenetic changes also occur in AML at relapse, albeit less commonly than the changes in immunophenotype that we report. The higher frequency of immunophenotype change compared to karyotype change at relapse may be explained by the much larger number of cells examined by flow cytometric, compared to cytogenetic, analysis. We found cytogenetic changes in 40 of 72 AML patients (56%) at relapse in the series reported here. Estey and coworkers 28 found new or additional cytogenetic changes in 131 of 212 AML patients (62%). Neither presence of cytogenetic change nor type of cytogenetic change from diagnosis to relapse correlated with remission duration in Estey's study. We also found a lack of correlation between immunophenotype changes and DFS in our study.
One of the most common antigen changes in our series, as in the study by Thomas and colleagues, 24 was gain of expression of the stem cell antigen CD34. Expression of CD34 on AML cells is associated with expression of the multidrug resistance protein p-glycoprotein (Pgp), an energy-dependent drug efflux pump encoded by the MDR1 gene, 29, 30 which is expressed in normal hematopoietic stem cells. 31 Expression of Pgp has been reported to increase at relapse of AML, compared to diagnosis, in some studies, 32, 33 but not in others. [34] [35] [36] Importantly, functional drug efflux in cells that express Pgp appears to be restricted to CD34 ϩ cells. [37] [38] [39] Thus increased expression of CD34 at relapse might be associated with an increase in functional drug efflux. More common expression of multidrug resistance-associated protein (MRP) may also play a role in clinical drug resistance at relapse, 34, 35 but expression of lung-resistance protein (LRP) does not appear to increase. 33, 40 Recently developed therapies in AML include the use of humanized anti-CD33 monoclonal antibody and anti-CD33 monoclonal antibody conjugated to the antitumor antibiotic calicheamicin or the plant toxin gelonin. [41] [42] [43] We found that CD33 was expressed in the majority of cases of AML both at diagnosis and at relapse; almost half of the rare cases that did not express CD33 at diagnosis acquired CD33 expression at relapse. Thus, CD33 represents an excellent target for immunotherapy in AML both at diagnosis and at relapse. Nevertheless, 10 of 97 cases of AML with CD33 expression at diagnosis in our series lost CD33 expression at relapse, indicating that patients need to be retested for CD33 expression at relapse prior to use of anti-CD33-based therapies. Furthermore, given the instability of the immunophenotype of AML cells, loss of CD33 expression might occur as a mechanism of resistance to anti-CD33 antibody-based therapies, and patients receiving these novel therapies should be monitored for the development of this mechanism of resistance.
Monitoring of RD by MFC holds promise for improving outcome in AML, but its optimal application requires definition of optimal monitoring strategies. We have demonstrated that the immunophenotype of AML cells is markedly unstable during the course of the disease, as evidenced by the presence of immunophenotype changes at relapse in almost all patients. The instability of the immunophenotype in AML is likely to mandate the ongoing use of multiple antibody panels for RD monitoring by MFC; strategies using limited numbers of antibody panels will likely lack sensitivity, resulting in false-negative data. RD monitoring by MFC using multiple 3-or 4-antibody panels is a promising technique that requires validation in prospective clinical trials.
